Abstract. The performance-based earthquake engineering framework utilizes probabilistic
INTRODUCTION
The performance-based earthquake engineering (PBEE) framework which was formalized in FEMA P-58 [1] uses probabilistic seismic demand models to link the building damage state and the structural responses (i.e., engineering demand parameters, EDPs) at a given seismic intensity. In that respect, several probabilistic seismic demand models have been proposed (e.g., [2] [3] [4] [5] [6] [7] [8] ). Although these models predict reasonably well the peak story drift ratios (SDRs) along the height of a building, they typically do not predict other EDPs [e.g., residual drifts, peak absolute floor accelerations (PFAs)] that are deemed to be critical in earthquake-induced loss assessment [9, 10] . Ruiz-García and Miranda [11] developed a probabilistic seismic demand model for estimating the median and dispersion of maximum residual SDRs at a given seismic intensity. More recently, Erochko et al. [12] developed an approximate equation for estimating the residual SDRs in steel moment-resisting frames (MRFs) and buckling-restrained braced frames as a function of the maximum expected SDRs. FEMA P-58 [1] summarizes a simplified procedure for the probabilistic seismic demand analysis of low-and mid-rise buildings. Despite the simplicity of this approach, it cannot be extended beyond inelastic demands that correspond to peak SDRs that exceed 4 times the corresponding yield SDR. Excessive component strengthand-stiffness degradation should also be prohibited. Ruiz-García and Chora [8] proposed a coefficient method for estimating residual SDR demands in multi-story steel frame buildings through regression analysis. The aforementioned methods typically require the use of nonlinear building models. Therefore, detailed information regarding the building geometry and its material properties is always required. Notably, such models require an appreciable time investment for their further validation.
Structural health monitoring (SHM) [13] offers the potential to identify the damage state of a building by utilizing various types of sensors based on nonmodel approaches. This is achieved with the use of damage-sensitive features (DSFs). At present, seismic instrumentation programs for new and existing buildings have been established in various regions around the world [14] [15] [16] . This recorded data can be employed for the further validation of various SHM approaches. Recently, Noh et al. [17, 18] proposed wavelet-based DSFs for nonmodel-based seismic vulnerability assessment of buildings. This is achieved by observing the changes in wavelet energies at a particular scale (i.e., the scale corresponding to the first-mode natural frequency f 1 of the undamaged structure) over time. In a more recent study, Hwang and Lignos [19] illustrated that the wavelet-based DSFs can be used for the seismic vulnerability assessment of buildings with fairly low instrumentation density. One of the main challenges is how to map the DSFs with building EDPs corresponding to a given seismic intensity. This paper presents a methodology for earthquake-induced loss assessment of instrumented steel frame buildings that combines concepts from SHM and PBEE. The emphasis at this stage is on buildings that utilize steel MRF systems. The proposed methodology utilizes a nonmodelbased DSF as proposed in [18] to first identify the damage state of the building of interest. The DSF is then mapped with the corresponding building EDPs of interest at a given seismic intensity. This mapping is achieved through an empirical relationship that employs very basic building information (e.g., total building height and the number of stories). The efficiency of the proposed method for predicting story-based EDPs is illustrated through a case-study instrumented building that experienced the 1994 Northridge earthquake. The earthquakeinduced economic losses of the same building are also estimated. Finally, the same methodology is extended at a city-scale in order to facilitate regional earthquake-induced loss assessment for urban earthquake disaster risk management.
PROPOSED METHODOLY FOR EARTHQUAKE-INDUCED LOSS
ASSESSMENT OF STEEL FRAME BUILIDNGS
Wavelet-based damage-sensitive features for structural damage diagnosis
In order to develop an approximate method for rapid earthquake vulnerability assessment of steel frame buildings with MRFs, a nonmodel-based approach is employed. In particular, wavelet-based DSFs are utilized as proposed in Noh et al. [18] . The wavelet-based DSFs are computed based on the absolute acceleration response history recorded at the building roof. This section briefly describes the theoretical background of the wavelet-based DSF that is utilized in this paper.
Given a scale parameter a > 0, and a time shift parameter b, the continuous wavelet transform [20] can be mathematically described as follows:
in which f(t) is the response history data (i.e., the absolute acceleration time history in this paper); ψ(t) is the mother wavelet function (in this paper, the Morlet wavelet basis function [21] is used as a mother wavelet due to its resemblance to earthquake pulses); and * is the complex conjugate. The daughter wavelets are established by continuously dilating and translating the mother wavelet function, ψ(t). The continuous wavelet transform coefficients, C(a, b) are then obtained by convoluting the basis functions and recorded absolute acceleration history data, f(t) at the building roof. Noh et al. [18] introduced the wavelet-based DSFs as structural damage indicators, which are defined by the ratio of the wavelet energy at the first-mode natural frequency of the building over time to the total wavelet energy. Hwang and Lignos [22] suggested that this wavelet-based DSF should be adjusted in cases that higher mode contributions become considerable. In this case:
is the wavelet energy at a scale corresponding to the ith natural frequency of the building under consideration. The wavelet energy shows how the vibration energy of the acceleration response data is distributed over time given at a particular scale (i.e., the scale corresponding to ith natural frequency). By assuming that the natural frequencies of the building are well separated, the second-and third-mode natural frequencies are approximated to 3f 1 and 5f 1 , respectively [23] . The wavelet energy ( )
can be computed as follows:
Referring to Eq. (2), the total wavelet energy, E tot of the recorded absolute acceleration response history is defined as follows: 
Referring to Eq. (2), the DSF values represent how the distribution of vibration energies at the natural frequencies of a building changes while the structural damage progresses. Therefore, the DSF values range between 0 (representing no structural damage) and 1 (representing severe structural damage) as suggested in Noh et al. [18] .
Hwang and Lignos [22] conducted further validations on the potential use of wavelet-based DSFs for structural damage identifications based on full-scale shake table experiments on steel frame buildings with steel MRFs [24, 25] and concentrically braced frames [26, 27] . They found that the mapping of a DSF value to a story-based EDP is possible. Figure 1 illustrates the wavelet-based DSFs for a large-scale model of a 4-story steel frame building with MRFs that was tested at the State University of New York at Buffalo [28, 29] . Referring to Figure 1 , the DSF values are plotted with respect to the discrete seismic intensities that the 4-story steel frame was subjected to. Figure 1 suggests that there is a strong correlation between the DSFs and story-based EDPs. Same findings hold true for the rest of the shake table experiments that were investigated [24] [25] [26] [27] . 
Database development
In order to establish a relationship between the wavelet-based DSFs and the corresponding story-based EDPs of steel frame buildings with MRFs at a given seismic intensity, we developed a database of inelastic building responses obtained from nonlinear response history analyses (NRHA). The relationship is developed based on stepwise multivariate linear regression analysis [30] .
In order to populate the best-suited damage indicators (i.e., wavelet-based DSFs) discussed in Section 2.1, a wide range of archetype steel frame buildings with MRFs is designed and analyzed through rigorous NRHA. In particular, the archetypes range from 2 to 20 stories and their steel MRFs are designed in accordance with [31] [32] [33] with three strong-column/weak-beam (SCWB) ratios of 1.0 (i.e., code-based design), 1.5 and 2.0. Figure 2 illustrates a plan view and elevation of a representative 8-story steel frame building with perimeter MRFs. Detailed information about the design details of the archetypes can be found in [34] [35] [36] .
Two-dimensional (2-D) nonlinear building models of the archetype MRFs are developed in the Open System for Earthquake Engineering Simulation (OpenSees) Platform [37] . Referring to Figure 2 , these MRFs are shown in the highlighted dashed box. Steel beam and column cyclic deterioration in strength and stiffness is modelled with the phenomenological deterioration model developed by Ibarra et al. [38] and further refined and calibrated by Lignos and Krawinkler [39, 40] . Figure 3 (b) illustrates a comparison between beam moment-chord rotation relations predicted with the deterioration model and measured from a full-scale experiment conducted by Gilton et al. [41] . The Krawinkler model [42] is used to model the potential inelastic panel zone shear distortion. Second order effects (i.e., P-Delta effects) are considered.
The gravity load carried by the gravity framing system is applied to a fictitious leaning column shown in Figure 3 (a). 
Proposed empirical equations for rapid earthquake damage assessment
Stepwise multivariate linear regression analysis [30] is employed to establish the relation between the building responses (i.e., story-based EDPs along the building height) and several predictor variables. The database of building responses discussed in Section 2.2 is employed for this purpose. Equation (5) represents the general form of the empirical equations for estimating the median story-based EDPs of interest. Only statistically significant predictor variables are included in the empirical equations. ln ln
in which β i are the regression constants; ε is the random error (i.e., residual); EDP i are the corresponding peak SDRs, residual SDRs and PFAs at each level i. Referring to Eq. (5), it was found that the average spectral acceleration S avg proposed by Eads et al. [45, 46] provides best estimates of peak and residual SDRs compared to other seismic intensity measures (IM). In particular, the pseudo-acceleration (S a ), peak ground acceleration (PGA), peak ground velocity (PGV), Arias intensity (I a ) [47] were also evaluated. The S avg is computed as the geometric mean of 5% damped spectral accelerations ranging between 0.2T 1 and 3T 1 with a uniform interval of 0.01s [45, 46] (where T 1 is the first-mode natural period of the building under consideration). Similarly, the PGA provides better estimates for PFAs compared to the rest of IMs that were considered. Notably, the FEMA P-58 simplified approach [1] utilizes the same IM for computing PFAs along the building height. In order to compute seismic intensities (i.e., S avg and PGA), an acceleration sensor should be placed at the ground floor of the building. In case that the base motion is not available, the approach proposed by Lignos and Miranda [48] may be used to obtain the input ground motion at the building's ground floor. Referring to Eq. (5), the wavelet-based DSF is determined from the absolute acceleration response history recorded at the building roof; h x is the height above the base of the building to floor level x; H is the total building height above the ground level; SCWB is the strong-column/weak-beam ratio determined by the year of building construction; and N is the number of stories of the building under consideration. To treat the statistical error and the associated uncertainty in the regression model, t-and Fstatistics are performed at a 5% significance level. Tables 2 and 3 summarize the intercepts, the regression coefficients and their p-values based on standard t-and F-statistics, the coefficient of determination R 2 and the standard deviation σ ln for buildings with less than 8 stories and buildings with 9 stories to 20 stories, respectively. The tables suggest that all the considered predictor variables significantly affect the accuracy of the models. In particular, the p-values in the t-statistic are zero.
Referring to Tables 2 and 3 , the coefficient of determination R 2 of the residual SDR is smaller than the corresponding values for the peak SDRs and PFAs. This is consistent with prior studies associated with the estimation of residual drifts [8, 12] ; the effect of record-to-record variability on the residual drifts is much larger than that observed in other EDP counterparts. It should also be noted that residual SDRs are largely influenced by component modeling parameters [8, 11, 12, [49] [50] [51] . In that respect, it is confirmed that the large uncertainty of residual SDRs observed in analysis results is reflected in the smaller R 2 observed in the regression model. Table 3 : Regression coefficients for story drift ratio, peak absolute floor acceleration, and residual story drift ratio for steel frame buildings with 9 to 20 stories.
Comparisons of proposed approach with the FEMA P-58 simplified procedure
The efficiency of the proposed empirical equations in predicting story-based EDPs in steel MRF buildings is evaluated with respect to results based on rigorous NRHA. For this purpose, a 12-story steel frame building with MRFs located in downtown Los Angeles (33.996°N, 118.162°W) is employed as a case-study. This building is subjected to the far-field set of 44 ground motions retrieved from FEMA P695 [52] . For comparison purposes, the simplified procedure summarized in FEMA P-58 [1] is also considered. This procedure requires an explicit building model for the story-based EDP computations. This model should appropriately represent the distribution of mass and stiffness along the height of the building. Regarding the FEMA P-58 approach, we utilized (i) linear and nonlinear building models; (ii) an elastic analysis based on a first-mode lateral force distribution; and (iii) an estimate of the building's lateral yield strength by conducting a nonlinear static analysis based on a first-mode lateral load pattern in accordance with ASCE 41-13 [53] .
The comparison is elaborated for three discrete levels of seismic intensity: namely, (i) service-level earthquake (SLE, seismic hazard level of 50% probability of exceedance in 50 years); (ii) design-basis earthquake (DBE, 10% probability of exceedance in 50 years); and (iii) maximum considered earthquake (MCE, 2% probability of exceedance in 50 years) as defined for the design location of interest. Figure 4 depicts the predicted peak SDRs along the height of the 12-story steel frame building based on the proposed method in comparison with the median peak SDR demands based on NRHA. In the same figure, we have superimposed the predicted median peak SDRs based on the FEMA P-58 simplified procedure [1] . To facilitate a lower/upper bound analysis, the 16th/84th percentiles of peak SDRs, PFAs and residual SDRs are also provided in Figure 4 . Referring to Figure 4(a) , it is evident that the proposed predictive approach provides reasonable estimates of peak SDRs along the height of the building regardless of the seismic intensity. The proposed approach provides better estimates of median peak SDR demands compared to those from the FEMA P-58 simplified procedure regardless of the seismic intensity of interest. Referring to Figure 4 (a), the FEMA P-58 simplified approach overestimates the peak SDRs in the upper stories of the 12-story building at the MCE intensity. This is mainly because this approach is not applicable when peak SDRs exceed 4 times the corresponding yield drift ratio. On the other hand, the proposed nonmodel-based approach predicts well the peak SDR demands over the building height.
Referring to Figure 4(b) , the predicted median PFAs along the height of the 12-story steel frame building are shown for the three selected levels of seismic intensity based on the proposed approach and the FEMA P-58 simplified approach. Superimposed in the same figure is the median PFA demand based on results from NRHA. From this figure, it is found that the proposed approach provides reasonable PFA estimates along the height of the building for moderate to severe seismic intensities (i.e., DBE and MCE). At frequently occurring seismic intensities (i.e., SLE), the proposed approach overestimates PFAs by approximate 21%, on average, relative to NRHA results. Similar accuracy is achieved with the FEMA P-58 simplified approach.
Similarly, Figure 4 (c) compares the predicted residual SDRs along the height of the 12-story steel frame building based on the proposed approach and the FEMA P-58 simplified approach for the three seismic intensities. In the same figure, we have superimposed the median response based on NRHA. Referring to Figure 4(c) , the proposed approach tends to slightly overestimate the residual SDRs at the mid-height of the building at SLE intensity; the FEMA P-58 simplified approach tends to significantly underestimate the residual SDRs at the bottom stories of the building. This is not the case for higher seismic intensities associated with low probability of occurrence earthquakes (i.e., MCE). Previous research has identified that residual drifts are very sensitive to the earthquake magnitude, distance to the source range, the adopted component hysteretic behavior as well as the analytical model representations of a building [8, 51, 54, 55] . For the aforementioned reasons, it is recommended that a lower/upper bound analysis should be employed based on the 16th/84th percentile of the predicted values of the proposed approach as shown in Figure 4 (c). In this case, the median response from NRHA is within these two percentiles. Same observations hold true for buildings with less than 9 stories.
APPLICATION OF SIMPLIFIED SEISMIC ASSESSMENT METHODOLOGY IN INSTRUMENTED STEEL FRAME BUILDINGS

Case study instrumented building
The proposed approach could be employed for the rapid seismic assessment of instrumented steel frame buildings with fairly low instrumentation density. In particular, two sensors at each principal axis are only required along the height of the building. One sensor at the ground floor is preferred to obtain the PGA and S avg ; a second sensor should be placed at the building roof to obtain the wavelet-based DSF. If sensors are placed elsewhere in the building then the outputonly system identification technique proposed by Lignos and Miranda [48] could be employed to compute the absolute acceleration response histories at the building base and roof.
The proposed method is evaluated with the use of recorded data from the 15-story Government steel frame office building (Station Number: CSMIP 24569) located in Los Angeles, California (34.058°N, 118.250°W). The lateral load resisting system of this building consists of steel MRFs. The building was designed in 1961. Therefore, capacity design principles were not formally employed. However, at the same year, the design of tall buildings was mostly governed by lateral wind loads over seismic loads, and the member properties were determined based on wind demands; therefore, they were detailed to behave in a ductile manner [56] . Considering the large column sizes that were typically employed to satisfy the axial and lateral drift limits in tall buildings, the column flexural strength was not deemed to be critical [57] .
.Fifteen accelerometers were placed at 4 levels along the height of this building that recorded the building response during the earthquake. The recorded data is retrieved from the Center for Engineering Strong Motion Data (CESMD) operated by the California Department of Conservation's Strong Motion Instrumentation Program (CSMIP) in cooperation with the US Geological Survey (USGS). The building station name is CSMIP 24569. Figure 5 shows the overview, plan, and elevation of the building.
Predicted engineering demand parameters and earthquake-induced economic losses
To determine the wavelet-based DSFs, the first natural frequency f 1 of the building should be identified in its two principal loading directions based on the base motion and roof absolute acceleration response histories of the building. The subspace state space system identification algorithm (N4SID) [58] is used for this purpose. The identified frequencies are summarized in Table 4 . Loading direction Natural frequency f 1 (Hz) Equivalent damping ratio, ξ 1 (%) North-south 0.34 2.2 East-west 0.32 3.4 Table 4 : System identification for the 15-story instrumented steel frame office building in Los Angeles. Figure 6 shows the estimated story-based EDPs along the height of the 15-story building for both loading directions [i.e., north-south (NS) and east-west (EW) directions]. These EDPs are computed within few seconds based on Eq. (5) and the values listed on Table 3 . Referring to (a) (b) Figure 6 (c), the recorded PFAs from the building response during the 1994 Northridge earthquake are superimposed for comparison purposes. It is found that the proposed approach provides accurate estimates of the instrumented building's PFAs. Referring to Figures 6(a) and 6(b), the proposed approach predicts that the peak SDR and residual SDR along the height of the same building is 1.30% and 0.35%, respectively. Therefore, the building experienced fairly minor structural damage due to flexural steel beam yielding. Notably, the FEMA P-58 simplified approach cannot be directly utilized for the seismic performance assessment of the same building because the building geometry as well as material properties of the respective structural components should be known in this case. The predicted story-based EDPs can be further utilized to conduct a building specific probabilistic economic loss assessment. The story-based building-specific loss estimation methodology proposed by Ramirez and Miranda [10] is employed for this purpose. The three possible consequences of a building in the aftermath of an earthquake are considered as follows: (i) collapse does not occur and structural and/or non-structural components shall be repaired or replaced in the aftermath of an earthquake; (ii) collapse does not occur, but due to excessive residual deformations along the height of the building it may be demolished and rebuilt; and (iii) collapse occurs and the building shall be rebuilt. Assuming that these consequences are mutually exclusive, the expected building losses conditioned on the seismic intensity IM are defined as follows:
in which E[L T |NC∩R, IM] is the expected value of the total building loss given that collapse does not occur and the building may be repaired given the occurrence of seismic intensity IM=im; E[L T |NC∩D, IM] is the expected building loss when there is no collapse but the building may be demolished at a given seismic intensity IM=im; E[L T |C, IM] is the expected building loss when collapse occurs at a given seismic intensity IM=im. Furthermore, P(NC∩R|IM) is the probability that the building will not collapse but may be repaired or replaced conditioned on the seismic intensity IM=im. P(NC∩D|IM) is the probability that the building will not collapse but it may be demolished because of potentially large residual deformations conditioned on the seismic intensity IM=im. P(C|IM) is the probability of collapse conditioned on the seismic intensity IM=im. More details about the mathematical formulation of the building-specific loss estimation methodology can be found in [59, 60] .
In order to reliably quantify the instrumented building's earthquake-induced losses, the authors adopted in part the fragility curves from FEMA P-58 [1] that were further refined by Hwang et al. [54] . Although the plan view of the building was known (see Figure 5 ), its detailed architectural layout was not possible to be retrieved. The authors approximated the densities of various non-structural components and building content based on the approach discussed in Bradley et al. [61] . Figure 7 shows the expected earthquake-induced losses of the building. These values are normalized with respect to the total replacement cost of the building. Note that the total replacement cost of the building is determined for a given calendar year (i.e., 1994). Referring to Figure 7 , the expected losses due to repairs slightly exceed 15% of the total replacement cost of the building. These losses are further disaggregated into structural/non-structural component repairs, building demolition, and collapse. For the given seismic intensity at the site of interest, losses due to collapse and demolition become negligible. However, drift-sensitive nonstructural component repairs seem to be a major contributor to the expected losses of the building. The expected losses due to acceleration-sensitive non-structural component repairs are approximately 2.0% of the total replacement cost of the building. This seems to be a reasonable estimate based on the recorded maximum PFAs (i.e., 0.29g) along the height of the building. Referring to Figure 7 , the estimated losses due to structural damage are on the order of 4.4% of the total replacement cost of the building. Although the peak SDRs along the height of the building did not exceed 1.3% in both loading directions, repairs due to structural damage are primarily driven by the increased likelihood of premature fracture of pre-Northridge beam-tocolumn connections [62, 63] .
Rapid Seismic Assessment at a "City-Scale"
The proposed methodology discussed in Section 2 offers the opportunity to conduct a rapid seismic risk and loss assessment of instrumented buildings at the "city-scale" for a given earthquake scenario. In this section, this concept is explored further by utilizing recorded data from 12 instrumented steel frame buildings that experienced the 1994 Northridge earthquake. The recorded data were available through the CSMIP stations for Los Angeles. Although the data is fairly scarce, the intention of the authors at this stage is to just illustrate the concept of the generalized damage and expected loss maps at the city level. The accuracy of these maps can be further improved by either populating the number of instrumented buildings or by combining the framework presented herein with other tools that facilitate the city-scale rapid seismic assessment of building assets [64] [65] [66] [67] [68] . Figure 8 shows a generalized damage map for the city of Los Angeles based on the maximum story-based EDP estimates that were computed along the height of the instrumented buildings after the 1994 Northridge earthquake. The maps are developed with the geographically information system (GIS). In regions that instrumented data was not available, the contour maps were developed by using a multivariate (spatial) interpolation. It was found that the inverse distance weighting (IDW) method [69] provides reasonable results. This method assigns maximum values of EDPs to unknown points with a weighted average of the values available at the known points in the map. . Notably, near the epicenter the peak SDRs were on the order of 1.5% and the PFAs were on the order of 0.9g. From the same figure, in the south-east of the city, the distribution of the peak SDRs and PFAs were on the order of 0.5% and 0.4g, respectively, indicating that the expected structural and non-structural damage would be fairly minimal in the same region. Referring to Figure 8(c) , the distribution of residual SDRs was 0.4% or less; therefore, building demolition would not be a critical concern. The generalized maps shown in Figures 8(a) to 8(c) can provide a first estimate of the post-earthquake safety within a region considering that they can be produced within minutes after a natural disaster. In that sense, the proposed framework can be employed for city-scale management in the aftermath of an earthquake.
The computed story-based EDPs shown in Figures 8(a) to 8(c) can be further utilized to develop a generalized expected loss map for the same region. This map is shown in Figure 8(d) . In this case, the expected losses were computed as discussed in Section 3.2. Referring to Figure  8(d) , steel frame buildings with MRFs located near the epicenter experienced monetary losses on the order of 15% of their total replacement cost due to damage in drift and accelerationsensitive non-structural components. A significant contributor to the expected losses was the corresponding repairs due to premature fracture in pre-Northridge beam-to-column connections. Referring to Figure 8(d) , such failures were fairly minimal in the South-East of the city considering the SDR and PFA seismic demand distribution in this region. The generalized loss maps can be easily employed for the expected loss computations within a city based on a given earthquake scenario such that proper pre-disaster measures can be prioritized by stakeholders.
SUMMARY AND CONCLUSIONS
This paper proposes a framework for estimating story-based engineering demand parameters (EDPs) along the height of instrumented steel frame buildings with moment-resisting frames (MRFs) in the aftermath of an earthquake. The estimated EDPs can be further used for earthquake-induced loss assessment. The proposed framework utilizes a wavelet-based damage sensitive feature (DSF). This does not require the use of nonlinear building models in order to compute their response during an earthquake. Two case studies are used for illustration of the proposed framework. The main findings of the paper are summarized as follows:
Wavelet-based DSFs are able to trace changes in building seismic response due to structural damage without the use of detailed numerical models. This was verified based on data from large-scale shake table experiments that evaluated the dynamic response of steel frame buildings with steel MRFs from the onset of damage through the occurrence of structural collapse. A method was developed that maps the wavelet-based DSFs with estimates of story-based EDPs at a given seismic intensity. These non-model based predictions are fairly reasonable as confirmed by nonlinear building simulations and data retrieved from instrumented steel frame buildings. The efficiency of the proposed method for predicting story-based EDPs in instrumented steel frame buildings with MRFs is compared with the FEMA P-58 simplified approach [1] . It is found that even though the FEMA P-58 approach utilizes a detailed numerical model representation of the building of interest, it only provides slightly better estimates of peak SDRs and PFAs only for moderate seismic events. For seismic events with low-probability of occurrence, the proposed method provides EDP estimates much closer to reality than those obtained based on the simplified FEMA P-58 approach. Given the computational efficiency of the proposed methodology, a "city-scale" simulation is attempted for the Los Angeles urban area. Instrumented data available from 12 stations are utilized for this purpose. This data was all recorded during the 1994 Northridge earthquake. Generalized damage and loss maps are developed with the geographically information system (GIS). Based on the generalized loss maps, it is shown that the propose framework can facilitate decisions regarding earthquake disaster risk management.
